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Abstract. Two-particle correlations of negative pions as a function of charged particle multiplicity are
studied in Pb+Pb collisions at /s = 17.3GeV per nucleon using the NA44 experiment at the CERN Super
Proton Synchrotron(SPS). We find that the source size parameters increase with the charged particle
multiplicity. However the slope of the source size parameters plotted as a function of charged multiplicity
is slightly larger at high multiplicity than at low multiplicity. The value of A is independent of charged
multiplicity. For Pb+PDb collisions, Ry, is larger than Rrs and Rro for all multiplicity intervals, whereas
these three radius parameters were approximately equal in S+Nucleus collisions. The ratios (Rr/Rrs)
and (Rr/Rro) for Pb+Pb data show almost no dependence on charged multiplicity. The duration of pion
emission A7 is constant at 3.841.1 fm/c as a function of the charged multiplicity in Pb+Pb collisions.
Effective volume (V) is also calculated as V=7 x R%g x Ry, assuming a cylindrically shaped source. We
found, within the limited statistics, the effective volume rapidly increases at high multiplicity.
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the Quark Gluon Plasma(QGP). For central Pb+Pb col-
lisions at /s = 17.3GeV per nucleon the energy density
based on calorimetric measurements is estimated to reach
3 GeV/fm? [1]. According to lattice calculations this en-
ergy density should be sufficient to generate the QGP and
indeed a dramatic suppression of the J/1 yield and an en-
hancement of multi-strange baryons have been reported
[2-4]. Both these effects are consistent with the existence
of a plasma [5,6].

However such a phase transition should also make a
significant difference in the Equation of State of nuclear
matter and may therefore reveal itself in the space-time
evolution of the source. Long particle emission duration
is an expected signal of a first-order phase transition [7].
Two-particle interferometry is sensitive to this evolution
and can thus play a crucial role in searching for a phase
transition. Multi-dimensional correlation function analysis
allows extraction of the duration of particle emission. We
have studied the space-time extent of the particle source
at freeze-out as a function of the charged multiplicity in
heavy ion collisions. Previously we have reported that the
size parameters in S+Nucleus collisions increase smoothly
as a power function of charged multiplicity per unit rapid-
ity, i.e as R=C-(dN/dy)*, where a=0.2 [8]. By comparing
the multiplicity dependence in Pb+Pb collisions, we in-
vestigate to what extent the higher initial energy density
alter the freeze-out conditions.

This paper presents two-particle correlation measure-
ments as a function of charged multiplicity in Pb+Pb colli-
sions at /s = 17.3GeV per nucleon. In Sect. 2, we describe
the experimental setup. Section 3 gives the experimental
procedure for the data analysis and the results of this
analysis are given in Sect.4. Section 5 discusses the ex-
tracted source size parameters, and conclusions are given
in Sect. 6.

2 Experimental setup

The NA44 experiment measures one- and two-particle dis-
tributions of identified particles (7*, K*,p, ) near mid-
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rapidity in heavy-ion collisions [8-11]. The setup of the ex-
periment is shown schematically in Fig. 1. The 158 -GeV /¢
per nucleon lead ion beam from the CERN/SPS goes
through a Cherenkov beam counter (CX) [12] that has an
intrinsic timing resolution of 35 ps and provides the start
for the time of flight measurement. CX also effectively re-
jects pile up events. A plastic scintillation veto counter
(CXV) with a 5 mm diameter hole just behind CX elim-
inates events from beam halo and particles produced by
interactions upstream of the target. A lead disk target of
1 cm diameter and 2.27 g/cm? thickness was placed at the
entrance of the first dipole magnet. The target thickness
corresponds to 4.2% of an interaction length for a lead
projectile. A scintillation counter (TO0), just behind the
target, is used to select centrality at the trigger level. A
highly segmented silicon pad detector (SI) installed behind
TO measures the charged particle multiplicity. SI consists
of 16 radial segments with equal pseudo-rapidity (n) bins
and 32 azimuthal sectors. The pseudo-rapidity coverage of
SI is from 1.5 to 3.3.

Two dipole magnets (D1 and D2) and three supercon-
ducting quadrupole magnets(Q1,Q2 and Q3) analyze the
momenta of the secondary particles and create a magni-
fied image of the target in the spectrometer. The data were
taken at two focusing settings of the quadrupoles. These
settings are referred to as horizontal and vertical focus.

The acceptance for the spectrometer is determined by
the nominal momentum setting and angle. For these data
the momentum range covers a band of £20% about the
nominal setting of 4 GeV/c. The spectrometer angle is
set to 44 mrad with respect to the incident beam axis.
The rapidity and transverse momentum(py) acceptance
for pions in the horizontal and vertical settings is shown
in Fig. 2. The mean pr and rapidity are 143 MeV/c and
3.7, respectively, for the horizontal setting, and 173 MeV /¢
and 3.5, respectively, for the vertical setting.

A set of multi-wire proportional chambers with pad
(PC) and strip (SC1 and SC2) readout and highly seg-
mented scintillator hodoscopes (H2, H3 and H4) are
placed after the spectrometer magnets to reconstruct the
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Fig. 2. The spectrometer acceptance for pions vs rapidity and
pr. The nominal momentum setting is 4GeV/c. The spectrom-
eter angle is 44 mrad

tracks. The hodoscopes H2-4 are used to provide the stop
signal for the Time of Flight(TOF) system. The details
can be found elsewhere [13]. The overall TOF resolution
is 95 ps with a flight length of 18m between CX and H3.

Three Cherenkov detectors, C1, C2 and a Threshold
Imaging Cherenkov (TIC) detector [14-16], are also used
for particle identification. For the momentum setting in
this study, the velocities of electrons and pions are above
the C1 threshold, while C2 is fired only by electrons. The
signal from C2 is used as a Veto signal to eliminate events
with electrons at the trigger level and the signal pulse
height from C1 is used to improve the purity of pion pairs
in our data sample in the off-line analysis. Pions with more
than 2.5 GeV/c momentum produce Cherenkov light in
the radiator of the TIC. The produced photons are de-
tected track-by-track in a circular fiducial zone around
the track. Ideally, kaon and proton tracks should have zero
photons detected in this fiducial area. However, because of
overlaps of fiducial areas of different tracks, the identifica-
tion is achieved in practice by applying a threshold in the
number of detected photons(hit pads) to identify a pion.
The number of hit pads for each track is used to reject
particles heavier than pions from the pion data samples.

The trigger signal(Trig) for this study is made as fol-
lows;

Trig=CXNCXVNTONC2NPCNH252N H3>2 (1)

“CXNCXV?” is required to select “good beam” events. At
least one hit on the PC and at least two hits on H2 and H3
are required to select 2 track events. The pulse height of
TO defines the centrality of the triggered events. The data
used in this study are taken with two different centrality
settings selected by TO thresholds. One is “semi-central
trigger”, and the other is “central trigger”. The trigger
cross sections(orrig/0Totar) are 28% and 9% for “semi-
central trigger” and “central trigger” data, respectively.

3 Data analysis

Particle tracks are reconstructed using straight line fits to
the hit positions on PC, H2, SC1, SC2 and H3. The mo-
mentum for each track is calculated from the hit positions
on PC and H2, with resolution Ap/p = 0.2%. The main
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Table 1. Trigger centrality and number of pion pairs for the
data sets used in this analysis

Trigger Centrality Number of pairs
(0rrig/0Totar) Horizontal — Vertical

semi-central 28% 90 k 58 k

central 9% 343 k 276 k

uncertainty is from multiple scattering in the target and
detector materials. Particle identification for each track
uses the TOF at H3, the pulse height of C1 and the num-
ber of hit pads on the TIC around the reconstructed track.
The events are selected by requiring a C1 pulse height cor-
responding to two or more pions. Figure 3 shows a plot of
the mass squared distribution on H3 versus the number
of hit pads in the TIC. A clear separation of the particle
species is seen. The contamination of kaons and protons
in our pion data sample is less than 1%. The total num-
ber of reconstructed pion pairs of “semi-central triggered”
and “central triggered” data which used in this study are
listed in Table 1.
The raw correlation function is calculated as follows:

_ Real(p1,p2) @)

Craw ) - )
(Pl Pz) Back(pl, pz)

where p; are the particle momenta. Real(p1, p2) is the dis-
tribution of relative momenta for “Real” pion pairs, and
Back(p1, p2) is the “background distribution” created by
mixing pairs from different events. Ten randomly selected
background pairs are chosen for each real pair. Conse-
quently, the number of the Back(p1, p2) pairs is 10 times
higher than for Real(p1,p2), and the statistical error for
the correlation function is dominated by Real(p1,p2).
Pion pairs in Back(pi,p2) are subjected to the same
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Table 2. The resolution of relative momenta Qrs, Q@ro and
Qr in the LCMS frame

relative momentum resolution (MeV/c)

horizontal vertical
Qrs Qro QL Qrs Qro QL
7.9 13 7.9 18 19 8.2

analysis procedure and cuts as used for real pairs. The
raw correlation function C)q, is distorted by the resid-
ual Bose-Einstein effect in the background distribution
[17,18], the finite momentum resolution of the detector,
the two-particle acceptance of the detectors and Coulomb
repulsion between particles. Corrections for these effects
must be applied to the raw correlation function. The true
correlation function can be written as,

Ccorr(pl 3 Pz) = Oraw(p17p2) X KSPC(P1>P2)
XKacceptance(p17p2) X KCoul (P17P2)7 (3)

where Kgpc is the correction for residual Bose-Einstein
correlation in the background distribution, Kgcceptance
corrects the distortion of the two-particle spectrum by
the momentum resolution and two-particle acceptance [19]
and K¢y corrects for the effect of the repulsive Coulomb
force between the particles in the pairs. In this study,
the Coulomb wave integration method is used to gener-
ate Kcou [20].

The fully corrected correlation function Cs is fitted
with the following three-dimensional Gaussian parameter-
ization:

Cy =1+ X exp(~R75Q%s — R7oQ70 — R1Q1). (4)
The momentum difference Q(= p1 — p2) of the parti-
cle pair is resolved into two dimensions, perpendicular
to the beam axis (Qr) and parallel to the beam axis
(Qr). Qr is further separated into two dimensions: Qro
is parallel to the sum of transverse momentum of particle
pairs kr=(pt1 + pr2)/2, and Qrgs is perpendicular to
kr. In this study, the Longitudinal Center of Mass Sys-
tem (LCMS) is chosen as reference frame (p.1 + p.2 = 0).
The Qrs, Qro and @ resolutions are listed in Table 2,
and the acceptance in the horizontal and vertical settings
is shown in Fig.4. The data combined for both settings
(horizontal and vertical) have enough acceptance in rela-
tive momentum space for a 3-dimensional analysis(Qrs,
Qro and Q). The correction factors (Kspc, Kacceptance
and Kcoq) used to extract the “true” correlation depend
on the source size parameters. Thus the correction of the
raw correlation function is performed iteratively, fitting
the correlation function with (4) [19].

The charged particle multiplicity was measured with
SI. Beam particles create delta electrons in the target and
air in front of the SI. The field in D1 sweeps these elec-
trons to the left or right side of SI depending on whether
the spectrometer is set for positive or negative particles.
To eliminate the effect of the delta electrons, only one
side of SI (the delta-clean side) was used to estimate the

I.G. Bearden et al.: Space-time evolution of the hadronic source in peripheral to central Pb+Pb collisions

Horizontal

100 200 300 0 200 400

Qs [MeVic] Qyo [MeVic]

Fig. 4. The relative momentum acceptance for pions

" -
£14000 |~
§1 - pedestal
]
12000 = M1P peak
10000 [~ i
o0
8000 - [J
X
6000 X
X
-
4000 S
E S
- K
2000 [ [
0 | | ‘ | | | ‘ | . L ‘

0 200 400 600 800
pulse height distribution [ch]

Fig. 5. Typical pulse height distribution for a silicon pad

multiplicity. As an example, the total number of charged
particles in the part of the SI used in this analysis was
480 for the part with dN*/dn=534. The occupancy was
close to 100% at the highest multiplicity. The pulse height
distributions were used to determine the total multiplic-
ity [8]. As seen in Fig.5, the pulse height distributions
are able to distinguish one, two, and possibly three hit
per pad. The multiplicity resolution at high multiplicity
is around +7. The systematic error on the scale is 12%.
Systematic errors on the source size parameters were
evaluated by changing parameters in the analysis proce-
dure and refitting the correlation function. The parame-
ters modified in this systematic error evaluation are as fol-
lows: (a) minimum two particle separation on the tracking
detectors(PC, H2 and H3), (b) assumed momentum reso-
lution changed by £20%, (c) the mr slope parameter used
to generate Monte-Carlo events was changed by 5%, (d)
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Table 3. Systematic errors on extracted source size parameters

source of systematic error A Ris Rio R

(a) 2-track separation 1% 5% 2% 2%
(b) Mom resolution 5% 4% 4% 5%
(¢) MC slope parameter 5% 14% 5% 13%
(d) number of hits on strip chamber 14% 3% 6% 9%
Total 16% 16% 9% 17%

minimum number of Strip Chamber hits for a valid pair.
The cuts on two-particle separation in the tracking detec-
tors are used to eliminate the “ghost-tracks” created when
a single hit in the pad-chamber is misinterpreted as two
hits or a single particle hits two adjacent scintillator slats.
The assumed momentum resolution in the Monte-Carlo
is important in the correction of Cy for the momentum
resolution. Changing the mp slope in the Monte-Carlo
changes the distribution of Q values. The number of strip
chamber hits should ideally be 8 (4 per track) for a good
pair, but two tracks can hit the same strip. To improve
efficiency, the reconstruction code accepts tracks with 3
or more strip chamber hits per track.

The uncertainties from these sources are summarized
in Table 3. The total systematic errors from these sources
are 16%, 16%, 9% and 17% for X\, Rrs, Rro and Ry,
respectively. Note that there are no expected systematic
correlations between the measured multiplicities and the
HBT source size parameters.

4 Results

The charged multiplicity distributions for “semi-central”
and “central” triggered data are shown in Fig.6. The
“semi-central” triggered data were divided into 2 bins,
while “central” triggered data were divided into 4 bins
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with an equal number of events in each multiplicity bin.
The mean kr of the pair is 164 MeV /c for all multiplicity
intervals. The correlation functions for each multiplicity
bin in the “central” triggered data are shown in Fig.7,
where the points are projections which extend over the
lowest 30 MeV/c in the other directions of the momen-
tum difference. The extracted source size parameters are
listed in Table 4.

The source size parameters, A\, Rrg, Rro and Ry, as
a function of the charged multiplicity are shown in Fig.8
and 9. The data points from S+Nucleus experiments [8]
are also plotted on the same Figure. The A\ parameter
for Pb+Pb collisions is around 0.54, with no clear mul-
tiplicity dependence, similar to S+Nucleus collisions [8].
On the other hand, the source size parameters(Rrs, Rro
and Ry) are clearly increasing as a function of the charged
multiplicity.

For the Pb+Pb system, Ry is larger than the trans-
verse source size parameters, Rrs and Rro, for all mul-
tiplicity intervals. The ratios of longitudinal to transverse
source size parameters as a function of charged multiplic-
ity are shown in Fig. 10. The ratios are almost constant as
a function of the charged multiplicity. The averaged value
of the ratio(Ry,/Rrs and Ry, /Rro) in Pb+Pb system are
1.540.16 and 1.2+0.11, respectively. In the S+4+Nucleus
system, these values are 1.24+0.12 and 1.140.10, respec-
tively.

The duration of pion emission A7 can be estimated
from Ar = \/(R%, — R%.¢)/{Br), where (fr) is the mean
transverse pion pair velocity. The value of the A7t as a
function of charged multiplicity is shown in Fig.11. For
the Pb+Pb data, this value is 3.841.2 fm/c and is con-
sistent with the NA49 results [21]. The E866 experiment
measuring 11.6 GeV/c per nucleon Au+Au collisions at
BNL reported the duration of pion emission as 2-4 fm/c
[22]. This implies negligible effect of incident energy on
At. However, position-momentum correlations from ex-
pansion of the particle source could cause A7 to underes-
timate the emission duration [23].

5 Discussion

NA44 has reported that the pion source size parameters
in S+Nucleus collisions increase as a power function of
charged multiplicity as

R;=C - (dN* /dn)™, (5)

and the extracted exponents(c;) were about 0.2 [8]. The
same kind of fits used for the S+Nucleus data were ap-
plied to combined S+Nucleus and Pb+Pb data. The solid
curves in Fig.9 are the results of fitting data points with
(5). The fit parameters are shown in Table 5. The pro-
cedure results in rather poor fits. The power exponents
extracted from these fits differ significantly from the 1/3
value expected in a scenario where freeze-out happens at
constant density.

To check on the statistical significance and experimen-
tal coherence of the data, we have made additional anal-
yses of the data.
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Table 5. Parameters obtained from a fitting of the source size
parameters with a power function of the charged multiplicity
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Table 4. Summary of the HBT source size parameters A\, Rrs, Rro and Ry for pions as
a function of the charged multiplicity. Uncertainties are statistical only. The S+S and S+Pb
data were taken from [8]

System dN*/dn A Rrs [fm]  Rro [fm] Ry [fm] x?/DOF
S+S 20410 0.55+0.02 2.95+0.17 3.02+0.13 4.01+0.28 5668/5796
44411  058+0.02 3.8740.26 3.8240.16 3.59+£0.35 5124/5744

S+Pb 24410 0574003 290+0.19 3.39+0.15 3.55+0.30 5280/5925
67+13 0564 0.03 3.1440.19 3.90+0.16 4.52+0.33 5524/5976

96+9  0.60+£0.03 3.97+0.26 394+0.15 3.82+0.31 5534/5972

117412 0.61+£0.03 3.68+£0.32 4.69+023 4.87+0.35 4917/5842

Pb+Pb 304451 0.5640.03 4.07+0.38 5174031 6.29+0.52 1763/1331
semi-central 455 +47 0.56 +0.04 4.5040.42 5.79+0.39 6.74+0.60 1498/1293
Pb+Pb 403425 0.52+0.03 4.08+0.27 4.714+0.23 6.05+0.41 1721/1649
Central 448 +17 0.5140.03 4.49+0.28 5154025 6.77+0.49 2092/1733
534+17 0.5340.03 5424040 5.95+0.31 7.28+048 2168/1718

592+28 0.6640.04 6.134+0.48 6.80+£0.36 8.36+0.57 1762/1545

C o x2/DOF
Rrs 1.81 £0.38 0.15+0.04 17/10
Rro 1.844+0.30 0.184+0.03 22/10
Ry 1.65 +£0.27 0.23 +0.03 18/10

— Beyond the fit shown in Table 5, we have fit the data
for two separate multiplicity intervals. One is the low

multiplicity region, which has dN*/dn less than 430
and includes the S+Nucleus results. The other is the
high multiplicity region with dN*/dn greater than
430. The results for «; obtained for the low multi-
plicity and the higher multiplicity region are shown
in Table 6. The obtained «; parameters for high mul-
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tiplicity regions are statistically different(> 40) from
the parameters obtained from fitting the low multiplic-
ity data.

— We have combined the data from the three lowest mul-
tiplicity bins from central triggered data that have
overlap with the upper half of the “semi-central” trig-
gered data (see Fig.6). The same three-dimensional
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analysis was applied to this data sample and the re-
sults are shown in Table 7. We observe that the results
are agreement within errors with those obtained by the
analysis of the higher part of the “semi-central” data
removing the possibility of something being fundamen-
tally wrong with the higher multiplicity data.

— We have also checked whether the sources of system-
atic errors could influence the obtained behavior. To
that end, we have varied the two most important
sources of systematic errors, i.e. systematic error by
changing the Monte Carlo m¢ slope parameters and
changing number of hits on strip chambers(see Ta-
ble 3). Varying these parameters does not change the
observed trend because all the data points are affected
in the same manner.

These tests indicate that no trivial explanation for the
trend of the data is possible.

The measured increase of source size parameters with
increasing charged multiplicity suggests that the freeze-
out volume also increases. The radius parameters repre-
sent the source size of a homogeneous region; the true size
of the system could be larger. We estimated the homo-
geneous volume as a cylinder with transverse radius Rpg
and longitudinal dimension 2 x Ry. Figure 12 shows the
estimated homogeneous volume as a function of charged
multiplicity. The data points for the homogeneous volume
are fitted by

V=C - (dN*/dn)*, (6)
for “low multiplicity” and “high multiplicity” region, sepa-
rately. The fit results are shown in Table 8. The low multi-
plicity shows good agreement with the curve extrapolated
from S+4Nucleus data, however, in the high multiplicity
region, the trend as a function of charged multiplicity is
significantly different from what we get by extrapolating
S+Nucleus data. The assumption of freeze-out at constant
density means that the homogeneous volume will linearly
increase with charged multiplicity. However the data ob-
viously do not follow such a trend.

Note that forcing the last lambda point in Fig.8 to
level the other points will change the last Volume point
down but within the error.
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Table 6. Parameters obtained fitting the source size parameters with a power function
of the charged multiplicity separately for both low and high multiplicity regions
Low multiplicity region High multiplicity region
c ; x?/DOF c ; x?/DOF
Rrs 223+£040 0.10+0.04 3.58/6 0.009 £ 0.004 1.02+£0.08 0.13/2
Rro 220+£0.32 0.14+0.03 5.60/6 0.04 £0.02 0.78 = 0.06 2.05/2
Rr 2.01£0.37 0.18+0.04 9.87/6 0.10 £ 0.06 0.69 £+ 0.09 0.54/2
Table 7. Source size parameters A, Rrs, Rro and Ry for pions using combined central triggered
multiplicity bins. Uncertainties are statistical only
System A Rrs [fm] Rro [fm] Ry, [fm)] x?>/DOF
Combined data 0.52+0.02 4.70+£0.18 5.284+0.15 6.78£0.27 2959/2183
higher half of semi-central data 0.56 +0.04 4.50+0.42 5.79+0.39 6.74+0.60 1498/1293
Table 8. Parameters obtained fitting the source size volume (27 R3¢ Rz) with a
power function of the charged multiplicity for both of low and high multiplicity
regions
Low multiplicity region High multiplicity region
C a x*/DOF C a x*/DOF
59.3 £18.6 0.40 +0.07 3.56/6 0.005£0.005 1.97+0.14 1.85/2
o F The value of A appears independent of charged multi-
E 2250 .. ; plicity, A < 1 could be explained the result of long-lived
T 2000F vV S+S mm resonance decay(w, n...etc.) [23]. Nearly identical A param-
o F A S+Pbmm eters for both Pb+Pb data and S+Nucleus data imply
Nw17503 00 Pb+Pb Tt7 (Semi-central) that the fraction of pions from resonance decay does not
= © @ Pb+Pb 1Tt (Central) change dramatically between S+Nucleus and Pb+Pb col-
Q15001 lisions.
[ 1250 p For Pb+Pb collisions, Ry, is larger than Rpg and Rro,
N r for all multiplicity intervals. These three parameters were
1000 approximately equal in S+Nucleus collisions. The ratios
500 (Rr/Rrs) and (Rr/Rro) are almost constant as a func-
E tion of charged multiplicity and have values 1.540.16 and
500 1.240.11, respectively. The duration of pion emission A7
E is estimated for each multiplicity interval. The value of At
2501 is almost constant as a function of the charged multiplicity
ob i bev b b b b b | in Pb+Pb collisions and has a value 3.8+1.1 fm/c.
0 100 200 300 400 500 600, 700 It is interesting to note that within the limited statis-
Charged Particle Multiplicity dN“/dn tics, the data points for Pb+Pb seems to indicate a

Fig. 12. The homogeneous volume of the source (27TR2TS .
Ryr) at freeze-out as a function of charged multiplicity. The
solid(dotted) curve present fitted results for “low multiplic-
ity(high multiplicity)” region with a function V C -
(dN?* /dn)*. Uncertainties are statistical only

6 Conclusion

The systematic study of source size parameters as a func-
tion of charged multiplicity for negative pions created in
Pb+Pb collisions has been done by means of two-particle
interferometry. The sizes increase with increasing charged
multiplicity.

stronger dependence on multiplicity than the S+Nucleus
data. This occurs despite the fact that the increase in flow
velocity from S+Nucleus to Pb+Pb [9] would tend to re-
duce the multiplicity dependence. In the present experi-
ment neither the low nor high multiplicity data support
the hypothesis of freeze-out at a constant density. In the
multiplicity interval up to d N+ /dn=430, the analysis sug-
gest a freeze-out at ever higher density, while for the high
multiplicity intervals, the analysis suggests a dilution of
the freeze-out density.
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